Addendum. The authors of the article entitled "Collagen Biosynthesis: Synthesis and Secretion of a High Molecular Weight Collagen Precursor (Procollagen)," R. L. Church, S. E. Pfeiffer, and M. L. Tanzer, which appeared in the November 1971 issue of Proc. Nat. Acad. Sci. USA, 68, 2638-2642, wish to amplify the term "procollagen" as follows.
Since several investigators have identified procollagen molecules of various sizes, a consistent nomenclature is desirable. By analogy with the conversion of chymotrypsinogen into chymotrypsin, we suggest that the procollagen intermediates be given a secondary designation, such as Procollagen I, Procollagen II, etc. (We have purposely avoided Greek symbols because they already signify tropocollagen subunits.) Furthermore, we propose that the secondary numbering correspond to the size of the procollagen molecule. Accordingly, Procollagen I would designate the largest molecule, which is described in our report, while ProcoUagen II, III, etc., would be assigned to the smaller intermediates identified by others. This proposed nomenclature should minimize confusion and would immediately denote the relative size of the procollagen molecule.
proline uptake indicate that this precursor is synthesized at a different rate than are other cell proteins and is secreted apparently unchanged into the medium, where it undergoes modification; it then precipitates around the cells as collagen fibrils that contain the characteristic tropocollagen polypeptide chains. The solubility of this precursor in hot 5% CI3CCOOH, its hydroxyproline to proline ratio, and its sensitivity to highly-purified bacterial collagenase all indicate that this molecule is of collagenous nature, but that it has considerable regions of noncollagen peptide (about half of the molecule is collagenase sensitive, and it has half of the normal amount of hydroxylated proline residues).
These results support the concept of a procollagen molecule, of molecular weight about 500,000-60,000, that contains large regions of noncollagen peptides, which might allow the collagen a-chain regions to associate in register and that also can provide the correct chain composition for tropocollagen. Upon secretion of the procollagen molecule, the intercollagen-peptide regions are cleaved and the finished tropocollagen molecule then polymerizes into typical intercellular fibrils.
Functional proteins are synthesized in animal cells by two general pathways, either by direct formation of the final product or by formation of an inactive precursor, which is selectively altered by proteolysis, to yield the active product. In certain cases, the proteolysis mechanism provides multichain molecules from single-polypeptide-chain precursors. Examples of this process include the formation of pancreatic enzymes (1), insulin (2) , and the capsid proteins of poliovirus (3) . An analogous pathway occurs in the case of nucleic acids, most notably that of ribosomal-RNA formation (4).
Two of the major problems in the formation of the helical, three-stranded tropocollagen molecule are the provision for correct chain composition, namely two al and one a2 chains (5) , and the necessity for helical folding of the chains in the proper register and with correct polarity (6 10 MCi/ml) in 1.0 or 10 ml of medium, depending on the size of the culture dish.
After exposure to label, the medium was removed, the cells were washed once with phosphate-buffered saline (pH 7.X), and 0.5-2.0 ml of 1% Nonidet P-40 detergent (Shell Chemical Co.) in isotonic buffer, phosphate-saline, pH 7.6 (7) was added. The cells were allowed to lyse for 5 min in an ice bath, after which the lysate was centrifuged at 2000 X g for 10 min. Three fractions were obtained: medium (centrifuged at 5000 X g to remove dead cells and debris), cell supernatant or "cell sap" (2000 X g supernatant), and cell pellet (2000 X g pellet).
Sodium Dodecyl Sulfate (SDS)-Acrylamide Gel Electrophoreis. Samples from each fraction were denatured with SDS (1%), reduced with 2-mercaptoethanol (1%) or dithiothreitol (1%), heated at 100'C for 1 min (8) , and electrophoresed in 3% polyacrylamide-0.2% ethylene diacrylate gels that contained 0.3% SDS. Radioactivity was measured in 1.5-mm gel slices dissolved in 1.0 N NH4OH and counted in 10 ml of Triton-X100-toluene scintillation fluid. Approximate molecular weights were determined by comparison of the mobilities of cellular proteins with purified rat, guinea pig, and calf-skin al, Ij, and y collagen chains (9) .
Molecular-Sieve Chromatography. Culture medium and NP-40-supernatant fluids, made 0.1 N with EDTA to inhibit collagenase, were chromatographed on 100 X 1.5 cm columns of Bio-Gel A-1.5 m equilibrated with 0.05 M Tris* HCl (pH 7.6)-0.01 M EDTA and eluted with the same buffer at 40C. 2-ml fractions were collected and their radioactivity was measured in 0.1-ml aliquots in 10 ml of toluene-Beckman Biosolv-3 scintillation fluid. Gel filtration on Bio-Gel A-15 m was done the same way.
Proline and hydroxyproline were separated and assayed by conventional methods (10) . Bacterial collagenase (Worthington) was purified and used by the method of Peterkofsky and Diegelmann (11). iiaturally-occurring bands corresponding to the added collagen chain standards were seen in stained gels.
The incorporation of [3H]proline into the proteins of the cell sap over a 48-hr period is shown in Fig. 1 . A clear separation was seen between the labeled proteins of relatively low molecular weight (slices 1-20) and a very high molecular weight class of proteins found between slices 50-56. The high molecular weight (HMW) material was considerably larger than the 95,000-and 190,000-dalton collagen markers, and was about twice as large as collagen y chains of 285,000 daltons when the calibration line obtained from these standards was extrapolated (not shown). About as much HMW material was synthesized in shorter labeling times as that shown in Fig. 1 , but there was substantially less low molecular weight (LMW) protein formed (see below).
In order to follow the rate of [3H]proline uptake, and to ascertain the fate of the HMW material, confluent cells in 60-mm dishes were pulse-labeled with [3H]proline for various periods of time. The proteins in the cell sap, in the cell pellet, and in the culture medium were then analyzed by SDSacrylamide gel electrophoresis. There was a continuous increase in the labeled-proline content of the cell-sap proteins from 5 to 30 min (Fig. 2) . Initially, the rate of labeling of LMW was considerably less than that of HMW. In agreemnent with the results seen in Fig. 1 , no labeled a or ft collagen chains were found. The radioactivity from the LMW and HMW regions, respectively, was summed for each labeling period and plotted versus time of labeling (Fig. 3) . A plateau fresh medium that contained an excess of nonradioactive proline was added; the incubation was then continued for an additional 20-40 min. The distribution of radioactivity in the proteins of the medium and in the cell sap after 20 min of chase time is shown in Fig. 4 . Virtually all of the radioactivity in the medium was in HMW protein, which accumulated in the medium as it disappeared from the cells (Fig. 5) In order to further study the nature of the ['H prolinelabeled HMW protein, the medium from several experiments was pooled, lyophylized, and subjected to molecular-sieve chromatography on 8% agarose (Fig. 6). ['H]Hydroxyproline was present both in the major peak (which eluted with the void volume of the column) and in the minor peak (which eluted at 194-208 ml), where the majority of the serum proteins from the culture medium were found; the free ['H ]proline in the medium eluted after 300 ml). More than half of the hydroxyproline, which eluted from 112-208 ml, was associated with the major peak. The ratio of ['H]hydroxyproline to [ 'H]proline in the major peak was 0.42, which is about half of the ratio of these imino acids in purified collagens (12) or in hydrolyzates of 3T6 cells (13) . The material in the major peak was pooled, concentrated to near dryness by lyophylization, and incubated with N-ethylmaleimide and purified collagenase; the reaction mixture was then adjusted to 5% Cl3CCOOH-0.5% tannic acid to precipitate both collagenous and noncollagenous proteins (11) . The supernatant, containing collagen-derived peptides, was assayed for radioactivity. 41% of the HMW peak was digested in this assay. More than 85% of the original HMW was soluble in hot 5% Cl3CCOOH in the absence of collagenase, as would be expected for a collagen-related protein (14) . Moreover, if hot 5% Cl3CCQOOH-0.5% tannic acid was substituted for hot 5% C13CCOOH, Proc. Nat. Acad. Sci. USA 68 (1971) Since the 3T6 fibroblasts form typical extracellular fibrils that contain tropocollagen molecules (15), we examined the cell pellet (which contained cell nuclei, cell debris, and the extracellular collagen fibrils) and the culture medium for their content of the polypeptide chain components of tropocollagen (Fig. 7) . The medium contained mostly HMW protein and no collagen a or # chains, while the pellet contained protein that migrated with collagen a and # chains (and smaller proteins) but little HMW protein. The small amount of radioactive material migrating at higher molecular weight than a or f3 chains may be more-highly crosslinked polymers of collagen chains (which were observed when fibrils of calfskin collagen were dissolved in SDS and electrophoresed on SDS gels). Electron microscopy confirmed that 3T6 cells make collagen fibrils under these experimental conditions; radiochemical analyses showed that the labeled medium, cell supernatant, and cell pellet all contained ['Hihydroxyproline.
DISCUSSION
The experimental results indicate the presence in 3T6 cell cultures of a polypeptide (procollagen) much larger than tropocollagen, but nevertheless containing many of the rather specific properties of collagen molecules. The amount of hydroxyproline in the polypeptide and its sensitivity to purified collagenase indicate that only 50-60% of the molecule has amino-acid sequences characteristic of collagen. The finding that no a and # chains are present in the cells or medium indicates that collagen is synthesized and secreted into the medium as procollagen, and not as tropocollagen or free a and ,B chains. Moreover, the hydroxyproline in the medium seems to be present mainly in procollagen and dialyzable hydroxyproline. The dialyzable hydroxyproline accounts for about 30% of the total ['Hihydroxyproline in the medium. This result indicates that a large amount of collagen-like material is degraded in the cultures, perhaps by enzymes in the serum added to the medium, or by collagenases synthesized by the cells. Indeed, we find that if the medium that contains procollagen is subjected to gel filtration at room temperature with calcium in place of EDTA in the elution buffer, most of the HMW peak is degraded to small molecules and free amino acids. As shown in Fig. 6 (Fig. 4) . step in the sequential cleavage of the large procollagen molecule into typical tropocollagen molecules. It is known that both the N-terminus and the C-terminus of the final al chains contain noncollagenous polypeptide appendages in peptide-bond linkage (6, 18) . Alternatively, the appearance of pro-al chains may be due to nonspecific degradation of procollagen as a consequence of homogenization, prolonged extraction at low pH, or other preparation methods. In our experiments, the use of Nonidet P-40 detergent to rapidly lyse the cells, in conjunction with the rapid addition of denaturing agents, probably minimizes protein degradation that would arise from proteases and from the shearing forces of homogenization.
The large size of procollagen and its high content of noncollagenous regions could provide sufficient stretches of intercollagen regions to allow correct alignment and polarity of the collagenous portions. Once the folding into the triple helix of tropocollagen occurs, digestion by proteases other than specific collagenases would hardly affect the collagen regions (19) . The surprising aspect of our results is that the proteolytic step occurs extracellularly; the absence of tropocollagen in the medium suggests that once it is formed the tropocollagen either quickly aggregates into collagen fibrils or that it may also be rapidly destroyed (accounting for the dialyzable hydroxyproline).
It has been reported that Dintzis-type experiments show that the three polypeptide chains of collagen are initiated and synthesized separately (20) . However, close examination of the kinetics obtained, particularly the results after the earliest pulses, show considerable nonlinearity of the isotope gradient and allow great latitude in interpretation of the data. Moreover, the experimental procedure was designed to select for tropocollagen molecules already present in extracellular fibrous collagen, a quite different approach than ours.
The existence of a protropocollagen molecule was postulated several years ago (21) and some evidence in its support was found (22) . Moreover, the presence of large collagen-like proteins circulating in human serum has been well documented (23) , and at least one such protein has been well characterized (24) ; whether these proteins are related to procollagen cannot be ascertained with the available data. Modification of certain amino-acid side chains in collagen occurs after peptide-bond formation, analogous to the alteration of bases in the precursor of ribosomal RNA (4). Such modifications of collagen include hydroxylation of proline and lysine (25) , glycosylation of hydroxylysine (26) , and the conversion of e-amino groups into aldehydes (27) . In light of our current findings, it would appear that such modifications occur on the finished procollagen molecule, perhaps even on the extracellular form. In this regard, a recent report indicates that collagen-aldehyde formation continues in reconstituted collagen fibrils (28) , suggesting that enzymatic modifications may even continue in the collagen fibers.
NOTE ADDED IN PROOF
After the original submission of this manuscript, several papers have been published that report: (a) both a and pre-a chains are synthesized in vivo and in vitro [Lazarides, E., and L. N. Lukens, Nature (London), 232, 37 (1971)]; (b) the medium of 3T6 fibroblasts contains a large, collagen-related protein [Ramaley, P. B., and J. Rosenbloom, FEBS Lett., 15 
